An analytical approach is presented to investigate the improvement of bit error rate (BER) performance in direct sequence optical code division multiple access with in-line cascaded optical amplifiers in presence of FBG-based group velocity dispersion (GVD) compensator. Gaussian-shaped optical orthogonal codes are employed as address sequence, and an optical correlator receiver with avalanche photodiode is used in this analysis. The system performance is determined as a function of the fiber length and chip rate. The power penalty suffered by the system is evaluated at BER of 10 -9 on account of receiver, and optical amplifier noises. The numerical results indicate that the BER performance can be improved significantly depending on the fiber length and chiprate. The results also show that about 90% of the GVD-induced penalty can be compensated using FBG-based compensator.
Introduction
Optical code-division multiple-access (CDMA) systems are becoming more attractive in the field of all-optical communications as multiple users can access the network asynchronously and simultaneously with high level of transmission security [1] - [5] . Currently, OCDMA is a popular research area which offers large bandwidth, more security and low attenuation and can therefore facilitate demanding services such as high-quality video transmission [6] . Until now, research on OCDMA mainly focused on direct time spread OCDMA, spectral encoding-decoding, pulse position modulation OCDMA, asynchronous phase-encoding OCDMA [5] , and frequency hopping (FH) OCDMA [7] . Most of previous researches were carried out considering the effect of fiber optic group velocity dispersion (GVD) [8] - [10] . It was found that the OCDMA system performance severely degrades due to interchip interference caused by dispersion-induced spreading and overlapping of short duration chips which limits the transmission fiber length, chip rate, and umber of simultaneous user [8] - [10] . To best of our knowledge, performance of DS-OCDMA has not been studied in presence of GVD compensator. It is therefore very much important to compensate the fiber optic GVD in DS-OCDMA using a suitable compensation technique.
Normally pre-compensation, post-compensation, dispersion compensating fiber (DCF), Maczender interferometer, and fiber Bragg grating (FBG) are used to compensate fiber optic GVD in conventional optical fiber communication system [11] - [12] . Among them DCF gives good results but it is bulky, costly, and not easy to handle. On other hand FBG-based GVD compensator offers significant advantages such as ready integrability with all fiber optic systems, compactness and low fabrication cost [13] . In this paper, a theoretical analysis is presented to investigate the BER performance of DS-OCDMA using FBGbased GVD compensator. The results obtained from the present study demonstrate that the proposed system performance can be improved significantly by recompressing GVD-induced pulse shape broadening using FBG-based compensator.
System Description
The schematic configuration of the proposed OCDMA system is shown in Fig. 1 . Here, the total length of fiber is L , consisting of n fiber sections and n -1 optical amplifiers in which CDMA technique is used to transmit and receive the data. P i is the peak optical power launched into the i-th fiber section, l i is the length of the i-th fiber section, D(z) is the fiber dispersion, and z is the distance from the transmitter. In the transmitter, a user's binary data is modulated by Gaussian-shaped chip. The composite signal is then transmitted through a single mode fiber (SMF) operating at 1550 nm. The loss of optical signal in the fiber is taken to be 0.2 dB/km. To compensate signal attenuation in each fiber section, erbium doped fiber amplifier (EDFA) is used. FBG-based GVD compensator is used for compensating the fiber optic GVD. At the receiving terminal, a particular user data is recovered by the correlation operation between composite received signal and a replica of the desired user's address code that is carried out by an optical correlator receiver. The decoded signal is incident on the avalanche photodiode (APD). The output signal is integrated throughout the bit period, and then compared with a threshold level at the comparator for data recovery.
System Analysis

GVD-Induced Pulse Broadening in Optical Fiber
We first consider an initially transform-limited pulse of 1/e-width 0  , broadened by propagation through optical fiber of length L with dispersion f 2  . In this study, second-order fiber dispersion is considered. A Gaussian pulse is taken which maintains its shape with propagation through the fiber, but its width increases due to group-velocity dispersion. The 1/e-width 1  , after propagating a distance L is related to the initial width 0  by the relation [11] 4 0
and the pulse becomes chirped, so that the frequency changes linearly across the pulse with chirp parameter
Dispersion in Fiber Grating
The dispersion characteristics of an infinitely long grating are similar to those of a finite-length apodized grating. To a good approximation, the grating dispersion can be described by the following dispersion relation of a periodic structure, which is obtained using the coupled mode equations [11] In an ideal dispersion compensator, the dispersion of the grating is matched to that of the fiber, i.e.,  is the quadratic dispersion of the fiber. Here we define an ideal dispersion compensator to be that which recompresses the dispersion-broadened pulse to its transform-limited pulse width. Of course, the cubic dispersion of the grating acts to diminish the efficiency of compression and to distort the pulse, and thus must be as small as possible for the grating to approach ideal behavior.
Pulse Propagation in Fiber Bragg Grating
We now model the grating structure by a highly dispersive uniform medium with the quadratic dispersion 1 X and cubic dispersion g 3
 . This allows us to use the wave equation instead of solving coupled-mode equations to study pulse propagation in the grating. As we neglect fourth and higher order dispersion, the slowly varying amplitude of the pulse envelope satisfies
where z is the axial position along the grating. When a dispersion-broaden pulse width 1  propagate through the grating then pulse width is recompressed to 2  . The rms pulse width after propagating in a grating of length g L can be found analytically for the case including quadratic and cubic dispersion. The ratio of initial pulse width 0  and recompressed pulse width 2  , can be written as [12]     
Results and Discussion
Using the mathematical formulations derived in previous sections, the BER performance for the proposed OCDMA system is evaluated in presence of FBG-based GVD compensator. The GVD parameter of a SMF operating at 1550 nm is taken as 17 ps/(km.nm). In the numerical calculation, InGaAs APD is used in the system receiver for optoelectronic conversion. The primary parameters of the APD are taken as follows: mean gain M =20, excess noise index x = 0.7, bulk dark current BD I = 2 nA, surface leakage current SL I = 10 nA. Other system parameters are receiver load resistor L R = 1000 Ω, extinction ratio r =0.05, spontaneous emission factor SP N =1.4, and the gain of each EDFA is adjusted to compensate the fiber attenuation in each fiber section. We assume that the pulse broadening will be severe in OCDMA system as each bit is converted into short duration chips. To understand the performance of FBG-based compensator in OCDMA system as a function of chip rate the power penalty suffered by the system is determined at BER of 10 -9 . The results are shown in Fig. 2 . It is found that the GVD-induced penalty is almost negligible below 10Gchip/s and increases sharply when chip rate increases above 10Gchip/s. This is because inter chip interference increases with increasing chip rate due to dispersion. The GVD-induced penalty is compensated using FBG-based compensator. The results are also shown in Fig. 2 in which the GVD-induced penalty is found to be compensated about 85%, 80%, and 78% at chip rate of 40Gchip/s, 60Gchip/s, and 80Gchip/s, respectively. This is because FBG-based compensator can not be used for full compensation due to 3 rd order dispersive effects in grating. Fig. 3 depicts the plot of power penalty versus fiber length in presence of GVD and FBG-based GVD compensator at chip rate = 40Gchip/s. It is found that the power penalty increases linearly with increasing fiber length due to the effect of dispersion. Using FBG-based GVD compensator, the GVD-induced penalty can be compensated significantly but, can not be compensated totally. There are threshold penalty that occurs due to the effect of third order dispersion in the grating. The threshold penalty found to be almost constant for different fiber lengths. Because, third order grating dispersion is independent of grating length. The GVD-induced penalty is compensated about 90% using FBG-based compensator for the fiber length of 100km. 
Conclusion
In this paper, improvement of BER performance is theoretically studied in proposed DS-OCDMA system using FBG-based GVD compensator. The analysis is carried out by OOCs with Gaussian shaped chip. APD is used in the optical correlator receiver for optoelectronic conversion. The effect of receiver, and optical amplifier noises are considered to evaluate the BER performance of the system. The power penalty suffered by the proposed system at BER of 10 -9 is determined as a function of fiber length and chip rate. It is found that about 90% of GVD-induced penalty can be compensated using FBG-based compensator when chip rate = 40Gchip/s, and fiber length = 100km. The present study demonstrates that the system BER performance can be improved significantly in presence of FBG-based GVD compensator. Our study also indicates the FBG-based GVD compensator can not compensate GVDinduced effect completely due to third order dispersive effect in the compensator.
